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Abstract The Sun and its solar wind are currently exhibiting extremely low densities and magnetic field
strengths, representing states that have never been observed during the space age. The highly abnormal
solar activity between cycles 23 and 24 has caused the longest solar minimum in over 80 years and
continues into the unusually small solar maximum of cycle 24. As a result of the remarkably weak solar
activity, we have also observed the highest fluxes of galactic cosmic rays in the space age and relatively
small solar energetic particle events. We use observations from the Cosmic Ray Telescope for the Effects
of Radiation (CRaTER) on the Lunar Reconnaissance Orbiter to examine the implications of these highly
unusual solar conditions for human space exploration. We show that while these conditions are not a show
stopper for long-duration missions (e.g., to the Moon, an asteroid, or Mars), galactic cosmic ray radiation
remains a significant and worsening factor that limits mission durations. While solar energetic particle
events in cycle 24 present some hazard, the accumulated doses for astronauts behind 10 g/cm2 shielding
are well below current dose limits. Galactic cosmic radiation presents a more significant challenge: the time
to 3% risk of exposure-induced death (REID) in interplanetary space was less than 400 days for a 30 year old
male and less than 300 days for a 30 year old female in the last cycle 23–24 minimum. The time to 3%
REID is estimated to be ∼20% lower in the coming cycle 24–25 minimum. If the heliospheric magnetic field
continues to weaken over time, as is likely, then allowable mission durations will decrease correspondingly.
Thus, we estimate exposures in extreme solar minimum conditions and the corresponding effects on
allowable durations.

1. Introduction

Ionizing radiation from galactic cosmic rays (GCRs) and solar energetic particles (SEPs) remains a significant
challenge to long-duration crewed missions to deep space. Human beings face a variety of consequences
ranging from acute effects (radiation sickness) to long-term effects including cancer induction [cf. NRC,
2008] and damage to organs including the heart and brain. The risk is a function of the effective dose, which
is related both to energy per unit mass (expressed in Gy = J/kg) absorbed by tissue organs, and the biologi-
cal effectiveness of the radiation. In this paper, we use recent measurements from the Cosmic Ray Telescope
for the Effects of Radiation (CRaTER) [Spence et al., 2010] zenith-facing D1/D2 detectors to determine dose
and dose equivalent rates (http://prediccs.sr.unh.edu/craterweb) on the Lunar Reconnaissance Orbiter
(LRO). We also utilize measurements from the CRIS instrument [Stone et al., 1998] aboard the ACE space-
craft to accurately quantify the levels of radiation exposure. We assume representative areal densities of
0.3 g/cm2, 10 g/cm2 aluminum (Al), and 20 g/cm2 shielding, corresponding to thin, intermediate, and
nominal spacecraft shielding, respectively. We detail lens, organ dose equivalents, and effective dose as a
function of time based largely on CRaTER observations and modeling.

Effective dose (expressed in Sv, the weighted equivalent of a joule of radiation energy absorbed in a kilo-
gram of tissue) is used to quantify the effect of radiation on the human body. It is determined using tissue
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Quick	
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Approach,	
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•  Direct	
  observa(ons	
  (e.g.,	
  from	
  LRO/CRaTER	
  and	
  MSL/Rad)	
  cri(cal!	
  
•  Deepest	
  Solar	
  Minimum	
  and	
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  Maximum	
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  80	
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  events	
  

•  Need	
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  of	
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  and	
  predictability	
  of	
  extreme	
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Connec(ng	
  Events	
  Through	
  the	
  Heliosphere	
  
Power of Distributed Observers: Broad Longitudinal extent of SEP events has proved very useful for predicting 

SEP spectra and radiation doses at different locations in the inner heliosphere. Figures below show two recent 
papers by which SEP time profiles, onset, and radiation estimates were successfully predicted at Mars (Odyssey) 

and Ulysses located at 1.44 AU and 4.91 AU, respectively. 1 AU measurement from ACE, SoHO, and GOES   
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SEP	
  Events	
  During	
  2012:	
  Indicators	
  of	
  Larger	
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  (24)	
  
•  Shown	
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  are	
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  2012	
  and	
  

the	
  comparisons	
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  CRaTER	
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  models,	
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  likely	
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•  Galactic Cosmic 
Ray Record from 
Be10 in Ice Core 
(product of 
spallation) 

•  Do recent solar 
changes suggest 
larger changes in 
store? 
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